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Yeast Hct1 recognizes the mitotic cyclin Clb2 and
other substrates of the ubiquitin ligase APC
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Ubiquitin-mediated proteolysis has emerged as a key
mechanism of regulation in eukaryotic cells. During
cell division, a multi-subunit ubiquitin ligase termed
the anaphase promoting complex (APC) targets crit-
ical regulatory proteins such as securin and mitotic
cyclins, and thereby triggers chromosome separation
and exit from mitosis. Previous studies in the yeast
Saccharomyces cerevisiae identified the conserved
WD40 proteins Cdc20 and Hctl (Cdhl) as substrate-
specific activators of the APC, but their precise
mechanism of action has remained unclear. This study
provides evidence that Hctl functions as a substrate
receptor that recognizes target proteins and recruits
them to the APC for ubiquitylation and subsequent
proteolysis. By co-immunoprecipitation, we found that
Hctl interacted with the mitotic cyclins Clb2 and Clb3
and the polo-related kinase Cdc5, whereas Cdc20
interacted with the securin Pdsl. Failure to interact
with Hctl resulted in stabilization of Clb2. Analysis of
Hctl derivatives identified the C-box, a motif required
for APC association of Hctl and conserved among
Cdc20-related proteins. We propose that proteins of
the Cdc20 family are substrate recognition subunits
of the ubiquitin ligase APC.

Keywords: anaphase promoting complex/C-box/cell
cycle/protein degradation/Saccharomyces cerevisiae

Introduction

Passage through the eukaryotic cell division cycle requires
ubiquitin-mediated proteolysis (King et al., 1996). In this
pathway, ubiquitin ligases (E3) select protein substrates
and cooperate with ubiquitin-activating (E1) and -conju-
gating (E2) enzymes to assemble polyubiquitin chains on
substrates, thereby targeting them for degradation by the
26S proteasome (Hochstrasser, 1996; Varshavsky, 1997;
Hershko and Ciechanover, 1998). A multi-subunit ubiqui-
tin ligase termed anaphase promoting complex (APC) or
cyclosome serves essential functions during mitosis and
G; (Townsley and Ruderman, 1998; Morgan, 1999;
Zachariae and Nasmyth, 1999). The APC mediates
degradation of securin, an inhibitor of chromosome
separation (Nasmyth, 1999). Moreover, the APC triggers
proteolysis of mitotic cyclins whose associated kinase
activities interfere with the completion of nuclear division,
cytokinesis and the resetting of replication origins. Further
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substrates of the APC include the spindle-associated
protein Asel and the polo-related kinase Cdc5 in budding
yeast, and the replication inhibitor geminin in vertebrate
cells (Juang et al., 1997; Charles et al., 1998; McGarry and
Kirschner, 1998; Shirayama et al., 1998). Substrates of the
APC typically contain a destruction box, a short motif
originally identified in mitotic cyclins (Glotzer et al.,
1991). Being required and, in certain cases, sufficient for
APC-mediated ubiquitylation, the destruction box is
thought to function as a recognition sequence for the APC.

The APC is a large particle consisting of at least 10
conserved subunits (Peters, 1999; Zachariae and Nasmyth,
1999). These include the putative assembly factor Cdc26;
the DOC domain protein Apc10 (Grossberger et al., 1999);
the tetratricopeptide repeat (TPR) proteins Cdc16, Cdc23
and Cdc27; the cullin-domain protein Apc2; and the
RING-H2 finger protein Apcll. TPRs are thought to
mediate protein—protein interaction (Lamb et al., 1995).
Cullin and RING-H2 proteins also occur in other ubiquitin
ligases and may form part of the catalytic centre (Tyers
and Willems, 1999). In fact, recent studies show that the
RING-H2 protein Apcll is sufficient to support the
synthesis of polyubiquitin chains in the presence of El
and E2 enzymes (Gmachl et al., 2000; Leverson et al.,
2000). In general, however, relatively little is known about
the function of individual APC subunits.

The activity of the APC is regulated during the cell
cycle, being low in S, G, and early M phase, rising in
metaphase and persisting until the end of G; (Amon ef al.,
1994; King et al., 1995; Sudakin et al., 1995; Brandeis and
Hunt, 1996). APC activity requires association of the core
particle with a member of a conserved subfamily of WD40
proteins called Cdc20 and Hctl (or Cdhl) in budding yeast
or fizzy and fizzy-related in Drosophila (Schwab et al.,
1997; Sigrist and Lehner, 1997; Visintin et al., 1997; Fang
et al., 1998; Kramer et al., 1998; Zachariae et al., 1998).
Several lines of evidence indicate that Cdc20 and Hct1 are
stage-specific APC regulators with Cdc20 activating the
APC in mitosis and Hctl sustaining APC activity during
G;. In yeast, Cdc20 is essential and rate limiting for
proteolysis of the securin Pdsl at the onset of anaphase,
but dispensable for proteolysis of the mitotic cyclin Clb2
in G; (Schwab et al., 1997; Visintin et al., 1997,
Shirayama et al., 1998). Cdc20 is an unstable protein
whose level peaks in mitosis and whose binding to the
APC is stimulated by cyclin-dependent kinases (Cdks)
through phosphorylation of APC core subunits (Shirayama
et al., 1998; Kramer et al., 2000; Rudner and Murray,
2000). The activity of APC-Cdc20 is restrained by the
spindle checkpoint, which monitors the proper attachment
of chromosomes to the spindle (Elledge, 1998; Amon,
1999). Hctl, on the other hand, is dispensable for Pdsl
proteolysis in mitosis, but necessary and rate limiting for
proteolysis of Clb2. Unlike Cdc20, Hctl is inhibited by
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Cdk1. Hctl is present throughout the division cycle, but
phosphorylation by Cdk1 prevents its association with the
APC (Zachariae et al., 1998; Jaspersen et al., 1999). Thus,
Hctl can activate the APC only in late mitosis and G
when Cdk activity is low. Consistent with its role as a G-
specific activator, Hctl orthologues in Drosophila and
Xenopus are not expressed during the embryonic division
cycles, but only later during development when cell cycles
include a G, phase (Sigrist and Lehner, 1997; Lorca et al.,
1998). Furthermore, the Schizosaccharomyces pombe
orthologue of Hctl promotes degradation of mitotic
cyclins in Gy (Blanco et al., 2000; Yamaguchi et al.,
2000).

In addition to being stage-specific activators, evidence
from budding yeast suggests that Cdc20 and Hctl also
determine the substrate specificity of the APC.
Overexpression studies indicated that Cdc20 and Hctl
preferentially trigger proteolysis of Pdsl and CIb2,
respectively (Schwab et al., 1997; Visintin et al., 1997).
In fact, Pds1 and the S-phase cyclin CIb5 disappear shortly
before anaphase and their proteolysis requires Cdc20,
whereas CIb2 and Cdc5 disappear later in mitosis and their
proteolysis largely depends on Hctl (Charles et al., 1998;
Shirayama et al., 1998, 1999). Similar to B-type cyclins in
other organisms, the mitotic cyclin CIb3 is targeted by
both Cdc20 and Hctl, and even in the case of Clb2, a small
fraction of the protein appears to be targeted by Cdc20
(Zachariae et al., 1998; Alexandru et al., 1999; Biaumer
et al., 2000; Yeong et al., 2000). Thus, Cdc20 and Hctl
may determine the efficiency with which the APC selects
distinct substrates.

We have been interested in defining the mechanism by
which Cdc20 and Hctl activate the APC. Here we report
that Hctl binds to a subset of APC substrates including
CIb2. A derivative of CIb2, which failed to bind to Hctl,
also failed to be destroyed during Gy, indicating that the
observed interaction is relevant for APC-mediated pro-
teolysis. Unexpectedly, the destruction box of Clb2 was
neither necessary nor sufficient for interaction with Hetl.
We identified a short motif of Hctl required for its
association with the APC. We named this motif the C-box
because it is conserved among members of the Cdc20
family. APC association, however, was not required for
Hctl to interact with Clb2, suggesting a direct role of Hctl
in substrate recognition.

Results

Hct1 interacts with CIb2

Yeast Hctl is thought to function as a substrate-specific
activator of the ubiquitin ligase APC. Overproduction of
Hctl in growing cells triggered APC-dependent proteo-
lysis of CIb2 and Clb3, but hardly affected Pds1 and Clb5
(Schwab et al., 1997, Visintin et al., 1997; Zachariae et al.,
1998). Moreover, a deletion of HCT1 stabilized Clb2, but
Pds1 and CIb5 were still destroyed (Schwab et al., 1997,
Visintin et al., 1997; Shirayama et al., 1999). In late
mitosis and G; when Cdk activity is low, Hctl was
unphosphorylated and associated with the APC (Zachariae
et al., 1998; Jaspersen et al., 1999). However, the precise
mechanism by which Hctl activates the APC in a
substrate-specific fashion has remained unclear. One
obvious possibility would be that Hctl binds specific
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substrates and recruits them to the APC. To test this
hypothesis, we performed co-immunoprecipitation assays
to analyse protein interaction in vivo. In a first experiment,
haemagglutinin (HA) epitope-tagged HCT1 was expressed
from the galactose-inducible GALI promoter in strains
carrying Myc epitope-tagged CLB2. Strains lacking
epitope tags served as controls. This experiment was
performed in cdc23-1 mutants defective in APC activity to
avoid Hctl-induced Clb2 degradation. Whole-cell extracts
were prepared and proteins were analysed by western
blotting either directly or following precipitation with HA-
or Myc-specific antibodies. As seen in Figure 1A, pre-
cipitates of HA3-Hctl contained Clb2-Myc12 and Cdk1.
Likewise, precipitates of Clb2-Myc12 contained HA3-
Hctl and Cdkl. Co-precipitated HA3-Hctl migrated
heterogeneously, indicating that Clb2-associated Hctl is
phosphorylated. Co-precipitation was specific because
control precipitates produced no signal. These data show
that Hetl can bind Clb2-Cdk1 in vivo.

To substantiate this result and to rule out effects of the
cdc23-1 mutation, a similar experiment was carried out in
wild-type cells which expressed HA3-HCTI from the
relatively weak GALL promoter (Mumberg et al., 1994).
Strains carrying Myc epitope-tagged CDC23 or CLB2
were used so that the interaction of Hctl with the APC and
CIb2 could be compared. Strains lacking epitope tags
served as controls. Protein extracts were prepared from
growing and nocodazole-arrested cells. Cdc23-Myc9 and
CIb2-Myc12 were immunoprecipitated and analysed for
the presence of HA3-Hctl. Epitope-tagged proteins in
extracts and precipitates were detected by western blotting
(Figure 1B). Consistent with previous work which had
shown that phosphorylation of Hctl inhibits its binding to
the APC (Zachariae et al., 1998), a single fast-migrating
species of HA3-Hctl was detected in precipitates of
Cdc23-Myc9. The signal was weaker in nocodazole-
arrested cells where more Hctl is phosphorylated due to
high Cdkl activity. In contrast, precipitates of Clb2-
Myc12 contained all species of HA3-Hctl present in the
cell extract, indicating that both unphosphorylated and
phosphorylated forms of Hctl bind Clb2. In this case, co-
precipitation was more efficient in nocodazole-arrested
cells where CIb2 levels are high. These results confirm that
Hctl can bind Clb2. Unlike the association of Hctl with
the APC, its interaction with Clb2 was not affected by
phosphorylation, suggesting that Hctl can recognize Clb2
without binding to the APC.

Hctl is a protein of low abundance. To ask whether
interaction with CIb2 is detectable when Hctl is present at
its normal cellular level, we analysed a strain in which the
chromosomal copies of HCT! and CLB2 carried sequences
for epitope tags. CIb2-HA3 was detectable in precipitates
of Myc18-Hctl (Figure 1C). The signal was quite weak
but specific, since it was absent from precipitates of
control strains. Thus, Hctl interacts with Clb2 under
physiological conditions.

Hct1 and Cdc20 interact with specific APC
substrates

In a next step, we examined the ability of Hctl to bind
different substrates of the APC. Besides Clb2, we tested
the mitotic cyclin Clb3 and the polo-related kinase Cdc3,
whose instability in G; is Hctl dependent (Charles et al.,
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Fig. 1. Interaction of Hctl with Clb2 and the APC. Whole-cell extracts
(WCE) and proteins immunoprecipitated with antibodies to HA

(0-HA IP) or Myc (0-Myc IP) were analysed by immunoblotting with
HA- (0-HA), Myc- (a-Myc) or Cdk1- (o-Cdk1) specific antibodies.
(A) Hctl binds CIb2-Cdk1 complexes. cdc23-1 strains carrying CLB2
or CLB2-myc12 and expressing untagged (—) or HA3-tagged (+) HCT1
from the GALI promoter were grown to exponential phase at 25°C and
treated with galactose for 2 h. Lane 1, W989; lane 2, W987; lane 3,
W1067; lane 4, W1066. (B) Phospho-Hctl binds CIb2 but not the APC.
Wild-type (no myc tag), CDC23-myc9 and CLB2-mycl2 strains lacking
(-) or containing (+) GALL-HA3-HCTI were grown to exponential
phase (C) or arrested with nocodazole for 3 h (N) and then treated with
galactose for 2 h. Lanes 1 and 2, K699, lanes 3 and 4, W1158, lanes 5
and 6, W1641, lanes 7 and 8, W1644, lanes 9 and 10, W1079, lanes 11
and 12, W1156. (C) Hctl binds CIb2 at normal protein levels. Wild-
type strains carrying CLB2 or CLB2-HA3 and untagged (-) or Myc18-
tagged (+) HCTI were arrested with nocodazole for 3 h. Lane 1, K699;
lane 2, W2541; lane 3, W9317; lane 4, W2542.

1998; Zachariae et al., 1998). We also tested the S-phase
cyclin Clb5 and the securin Pdsl, whose proteolysis in
mitosis depends on Cdc20 (Visintin et al., 1997,
Shirayama et al., 1999). We were also interested in
comparing binding with different cyclins, since Hctl is

Hct1 recruits substrates for ubiquitylation
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Fig. 2. Binding of Hetl and Cdc20 to specific APC substrates. (A) Hctl
binds specific APC substrates. cdc23-1 strains (no HA tag) and cdc23-1
strains carrying GALI-HA3-CDC5, GAL10-CLB2-HA3, GALI-CLB3-
HA3, GALI-CLB5-HA3, GALI-PDSI-HA3 or GALI-CLN2-HA3 and
lacking (-) or containing (+) GALI-myc3-HCTI were grown to
exponential phase at 25°C and galactose was added for 2 h. Epitope-
tagged proteins in whole-cell extracts and in immunoprecipitates
prepared with HA antibodies cross-linked to protein A-agarose (0.-HA
IP) were detected on western blots with HA- (o-HA) or Myc- (o-Myc)
specific antibodies. The asterisk in the bottom panel marks a cross-
linked antibody species arising from incomplete coupling of antibodies
to protein A—agarose. Hctl coprecipitated with Cdc5 was
hyperphosphorylated, indicating that Cdc5 kinase may phosphorylate
Hctl. The significance of this hyperphosphorylation is unclear.

Lane 1, W1500; lane 2, W1502; lane 3, W1619; lane 4, W1621;

lane 5, W1504; lane 6, W1506; lane 7, W1615; lane 8, W1617;

lane 9, W1508; lane 10, W1510; lane 11, W1623; lane 12, W1625;
lane 13, W1653; lane 14, W1655. (B) Cdc20 but not Hctl-m11 binds
Pdsl. cdc23-1 strains carrying GALI-PDS1-HA3 and lacking (-) or
containing (+) GALI-myc3-HCTI-ml1 as well as cdcl6-1 strains
carrying GALI-PDSI-HA3 and lacking (-) or containing (+)
GALI-myc3-CDC20 were grown to exponential phase at 25°C and
treated with galactose for 2 h. Whole-cell extracts and proteins
immunoprecipitated with antibodies to Myc (0-Myc IP) were analysed
by immunoblotting with HA- (a-HA) or Myc- (a-Myc) specific
antibodies. Lane 1, W1623; lane 2, W1741; lane 3, W2538; lane 4,
WI1588.

phosphorylated by various Cln— and Clb—Cdk1 kinases
(Zachariae et al., 1998). We therefore included the G-
phase cyclin ClIn2 in this assay. Cln2 is not a substrate of
the APC, but its proteolysis is mediated by a distinct
ubiquitin ligase termed Skp1—Cullin—F-box protein (SCF)
(Patton et al., 1998; Peters, 1998). To examine protein
interaction, myc3-HCTI was co-expressed with HA-
tagged versions of CDC5, CLB2, CLB3, CLBS5, PDSI or
CLN2. Protein extracts were prepared and HA-tagged
proteins were immunoprecipitated and analysed for the
presence of Myc3-Hctl (Figure 2A). Relatively high
levels of Myc3-Hctl co-precipitated with Clb2-HA3 and
CIb3-HA3, and somewhat lower levels with HA3-Cdc5.
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Only trace amounts of Myc3-Hctl were found in precipi-
tates of CIb5-HA3 and CIn2-HA3, and none was detect-
able in precipitates of Pds1-HA3 even though high levels
of Pds1-HA3 were present in cell extracts and precipitates.
Thus, Hctl can bind CIb2, CIb3 and Cdc5, but not Pdsl,
thus supporting a role of Hctl in the recruitment of specific
APC substrates. Moreover, Hctl distinguished between
different cyclins, arguing against the view that the
Hctl—cyclin interaction simply reflects phosphorylation
of Hctl by cyclin—Cdk1 kinases.

The failure of Hctl to interact with Pds1 prompted us to
perform a similar interaction assay with Cdc20
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(Figure 2B). To this end, we immunoprecipitated Myc3-
Cdc20 from extracts of cells expressing PDS1-HA3. While
a control precipitate produced no signal, Pds-HA3 was
easily detectable in the Myc3-Cdc20 precipitate, indicat-
ing that Cdc20 can bind Pdsl. A recent study suggested
that during G;, when Cdc20 levels are low, Hctl is
responsible for Pds1 proteolysis (Rudner et al., 2000). We
therefore repeated the interaction assay with Hetl-ml1, a
phosphosite mutant mimicking the unphosphorylated, G-
specific form of Hctl (Zachariae et al., 1998). However,
we could not detect co-precipitation of Pds1-HA3 with
Myc3-Hctl-m11 (Figure 2B). Thus, Cdc20 and Hctl differ
in their ability to recognize Pdsl.

Hct1 does not recognize the destruction box
Ubiquitylation of a substrate protein by the APC depends
on a short motif in the substrate termed the destruction box
(Glotzer et al., 1991). We wanted to know whether the
destruction box serves as a recognition signal for Hctl. To
address this question, we analysed the interaction of Hetl
with a derivative of Clb2 lacking the destruction box motif
(Clb2-Adb). Unlike CIb2, Clb2-Adb is stable during exit
from mitosis, it is not ubiquitylated by the APC and
resistant to Hctl-induced proteolysis (Amon et al., 1994;
Zachariae and Nasmyth, 1996; Schwab et al., 1997). We
also looked at a Clb2 derivative lacking amino acids
263-387 (CIb2-A125). This deletion removes sequences
conserved among cyclins and needed for interaction with
Cdkl, but leaves the N-terminal region with the destruc-
tion box intact. HA3-tagged versions of Clb2, Clb2-Adb
and CIb2-A125 were co-expressed with Myc3-tagged
Hctl, and protein interaction was again determined by
immunoprecipitation and western analysis. As seen in
Figure 3A, CIb2-HA3 and Clb2-Adb-HA3, but not Clb2-
A125-HA3, co-precipitated with Myc3-Hctl. Likewise,
Myc3-Hctl and Cdk1 co-precipitated with Clb2-HA3 and
Clb2-Adb-HA3, but not with Clb2-A125-HA3. Thus, the
central portion of Clb2 containing sequences for Cdkl
association is needed for interaction with Hctl, but the
destruction box of CIb2 is neither required nor sufficient
for interaction with Hetl.

Precipitates of Clb2 and Clb2-Adb contained similar
amounts of Hctl (Figure 3A). As indicated by the

Fig. 3. Binding of Hctl to derivatives of Clb2 and Cdc5 lacking a
destruction box. Whole-cell extracts and proteins immunoprecipitated
with antibodies to HA (a-HA IP) or Myc (a-Myc IP) were examined
by western analysis using HA- (a-HA), Myc- (a-Myc) or Cdkl- (o~
Cdk1) specific antibodies. (A) Hctl binds CIb2 lacking the destruction
box. cdc23-1 strains containing HCT1 or GALI-myc3-HCTI and
lacking () or carrying (+) the indicated GALI10-CLB2-HA3 construct
were grown to exponential phase at 25°C and treated with galactose for
1 h. The asterisk marks the IgG heavy chain of the Myc antibody.
Lane 1, W1500; lane 2, W1504; lane 3, W1684; lane 4, W1744,

lane 5, W1502; lane 6, W1506; lane 7, W1686; lane 8, W1746.

(B) Non-phosphorylatable Hctl binds CIb2 lacking the destruction box.
cdc23-1 strains carrying HCTI or GALI-myc3-HCTI-ml1 and lacking
(-) or containing (+) the indicated GALI0-CLB2-HA3 construct were
treated as described in (A). Lane 1, W1500; lane 2, W1504; lane 3,
W1684; lane 4, W1739; lane 5, W1740; lane 6, W1889. (C) Hctl binds
a truncated version of Cdc5 lacking destruction boxes. cdc23-1 strains
carrying HCT!I or GALI-myc3-HCTI and lacking (-) or containing (+)
the indicated GALI-CDC5-HA3 construct were treated as described in
(A) except that galactose was added for 2 h. Lane 1, W1500;

lane 2, W1619; lane 3, W1930; lane 4, W1502; lane 5, W1621;

lane 6, W1931.
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Fig. 4. Stability of CIb2 derivatives in G;-arrested cells. CLB2-HA3
(W1883), CLB2-Adb-HA3 (W1884) and CLB2-A125-HA3 (W1885)
were expressed from the GAL/0 promoter in cycling or G;-arrested
(Gy) cdc28-4 barl-Al cells. Cultures grown at 25°C in raffinose
medium were split. One part was further incubated at 25°C (cycling)
and induced with galactose for 3 h. The other part was treated with
a-factor for 3.5 h and, following arrest in Gy, cultures were shifted to
37°C to inactivate Cdk1 (Cdc28) kinase and then induced with
galactose. Samples were taken at the indicated times and the protein
levels were determined by immunoblotting with HA-specific antibodies
(0-HA). Blots were reprobed with an antiserum to B-tubulin (o-Tub2)
as a loading control.

heterogeneous mobility, co-precipitated Hctl was phos-
phorylated. We wondered whether the destruction box of
Clb2 may be important for binding specifically to
unphosphorylated Hctl—the form that associates with
the APC (Zachariae et al., 1998). We therefore analysed
the interaction of Clb2 and CIb2-Adb with Hctl-ml1, a
derivative from which all serine and threonine residues of
potential Cdk1 phosphorylation sites have been removed
(Zachariae et al., 1998). Myc3-tagged Hctl-m11 was co-
expressed with HA3-tagged Clb2 and Clb2-Adb. Tagged
proteins were precipitated from cell extracts and analysed
by western blotting. Similar amounts of Clb2-HA3 and
ClIb2-Adb-HA3 co-precipitated with Myc3-Hctl-m11, and
in the reverse experiment similar amounts of Myc3-Hct1-
mll co-precipitated with Clb2-HA3 and Clb2-Adb-HA3
(Figure 3B). These results show that the destruction box of
CIb2 is not required for the interaction of unphosphory-
lated Hetl with Clb2.

The polo-related kinase Cdc5 is a substrate of the
APC-Hct1 pathway and carries two destruction boxes in
the N-terminal region. Unlike Cdc5, a truncated version
lacking these sequences, Cdc5-AN70, is not ubiquitylated
in vitro and stable in G, cells (Shirayama et al., 1998). We
asked whether the destruction boxes of Cdc5 are necessary
for the observed interaction with Hetl (Figure 2A). To this
end, Myc3-tagged Hctl was co-expressed with HA3-
tagged Cdc5 or Cdc5-AN70. Protein interaction was again
examined by immunoprecipitation of tagged proteins from
cell extracts and subsequent western analysis. As seen in
Figure 3C, similar levels of HA3-Cdc5 and HA3-Cdc5-
AN70 co-precipitated with Myc3-Hctl. The same was true
for the phosphosite mutant Myc3-Hctl-m11 (not shown).
Thus, the destruction box-containing region of Cdc5 is not
required for the interaction of Cdc5 with Hetl. Together,
these results suggest that the destruction box functions in a
step after the initial recognition of the substrate by Hctl.

Interaction with Hct1 is required for CIb2
instability

The idea that Hctl recognizes specific protein substrates
and delivers them to the APC predicts that these substrates
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must bind to Hctl to be destroyed by this proteolysis
pathway. The failure of Clb2-A125 to bind to Hctl
(Figure 3A) allowed us to test this prediction. To analyse
the stability of Clb2-A125, HA3-tagged versions of Clb2,
CIb2-Adb and CIb2-A125 were expressed in cdc28-4 cells,
which arrest in G, after a shift to the restrictive tempera-
ture. Under these conditions, the APC—Hctl pathway is
active and interferes with accumulation of Clb2 (Amon
et al., 1994; Schwab et al., 1997). When expressed in
cdc28-4 cells growing at the permissive temperature,
Clb2-HA3, Clb2-Adb-HA3 and Clb2-A125-HA3 were
present at similar levels (Figure 4). However, when
expressed in Gy-arrested cells, CIb2-HA3 was not detect-
able, whereas CIb2-Adb-HA3 and Clb2-A125-HA3 accu-
mulated to comparable levels (Figure 4), indicating that
CIb2-A125-HA3 is stabilized. Moreover, Clb2-Adb-HA3
and CIb2-A125-HA3 were unaffected by overexpression
of HCT1, while Clb2-HA3 rapidly disappeared under these
conditions (not shown); this is consistent with previous
observations (Schwab et al., 1997). These results indicate
that the binding of CIb2 to Hct1 is necessary for the stage-
specific proteolysis of Clb2, and thus further support a role
of Hctl in substrate recruitment.

The C-box of Hct1 is required for binding to the
APC
Hctl consists of a highly conserved C-terminal domain
containing seven WD40 repeats and a largely non-
conserved N-terminal region (Figure 5A). In a search for
sequences required for Hctl function, we found that Hctl
is inactivated either by the addition of a HA3 epitope tag to
the C-terminus (Hctl-HA3) or by a deletion of 74
amino acids from the N-terminus (HA3-Hct1-AN74).
Interestingly, this N-terminal portion contains a short
motif of seven amino acids, which is also present in Cdc20
as well as in Cdc20- and Hctl-related proteins from other
organisms (Figure 5B). We named this motif the C-box
(conserved in Cdc20 family proteins). To define its
significance, we constructed derivatives of Cdc20 and
Hctl lacking the C-box motif and analysed their functional
properties. Unlike wild-type CDC20, CDC20-Acb did not
complement the temperature sensitivity of a cdc20-3
mutant strain (Figure 5C), indicating that CDC20-Acb is
non-functional in vivo. Similarly, HA3-HCTI-Acb failed
to trigger Clb2 degradation when overexpressed, even
though the protein accumulated to levels comparable to
wild-type HA3-Hctl (Figure 5D). Moreover, overexpres-
sion of HA3-HCTI-Acb did not affect cell proliferation,
whereas wild-type HA3-HCTI inhibited colony formation
under these conditions (Figure 5D). Thus, the C-box is
essential for the cellular functions of Cdc20 and Hctl.
We next asked whether alterations that inactivate Hctl
may affect the binding of Hctl to the substrate CIb2 or the
APC, or both. To this end, a functional version of HCTI
(HA3-HCTI) and the three non-functional derivatives
(HCTI-HA3, HA3-HCTI1-AN74 and HA3-HCT-Acb) were
expressed from the GALL promoter in wild-type cells
carrying either CLB2-myc12 or CDC23-myc9; interaction
of tagged proteins was investigated by immunoprecipita-
tion and western analysis (Figure 5E and F). Similar
amounts of CIb2-Myc12 co-precipitated with HA3-Hctl
and the non-functional Hctl derivatives. Consistent with
this, wild-type and mutant versions of HA3-Hctl were
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detected in precipitates of CIb2-Mycl2 (Figure 5E). In
contrast, Cdc23-Myc9 co-precipitated with HA3-Hct1, but
not with the non-functional Hctl derivatives. Likewise,
only wild-type HA3-Hctl was detected in precipitates of
Cdc23-Myc9 (Figure SF). Thus, alterations of Hctl at the
N- or C-terminus are compatible with the binding of Hetl
to Clb2, but interfere with binding to the APC, suggesting
that different domains of Hctl are responsible for substrate
recognition and APC association. Furthermore, these
results show that Hctl requires the newly identified
C-box motif to associate with the APC.

Previous studies established that phosphorylated Hetl
fails to interact with the APC (Zachariae et al., 1998;
Jaspersen et al., 1999). The C-box deletion derivative of
Hctl appears to be hyperphosphorylated, since the protein
accumulated predominately in a slow migrating form
(Figure SE and F). This raises the possibility that the C-box
has a role in dephosphorylation of Hctl, and that loss of
the C-box interferes with APC association only indirectly
through stabilizing the phosphorylation of Hctl. To
address this idea, we deleted the C-box from the
phosphosite mutant Hctl-m11, which lacks Cdkl phos-
phorylation sites and interacts with the APC constitutively
(Zachariae et al., 1998). Unlike HA3-Hct1-m11, the C-box
deletion derivative (HA3-Hctl-m11-Acb) did not co-
precipitate with Cdc23-Myc9 (Figure 5G), indicating
that the C-box of Hctl is required for APC binding in
the absence of inhibitory phosphorylation as well. This
result is consistent with the C-box of Hctl serving as an
interaction motif necessary for APC association.

Discussion

The ubiquitin ligase APC performs essential functions in
the eukaryotic cell division cycle by triggering the stage-
specific degradation of key regulatory proteins such as
securin and mitotic cyclins (Zachariae and Nasmyth,
1999). It has therefore been of considerable interest to
define the mechanism by which the APC selects its
substrates. Previous studies in budding yeast identified the
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related WD40 repeat proteins Cdc20 and Hctl as cell
cycle-regulated and substrate-specific activators of the
APC (Schwab et al., 1997; Visintin et al., 1997; Shirayama
et al., 1998; Zachariae et al., 1998). This work
provides evidence that Hctl interacts with specific APC
substrates.

Our data suggest that Hctl is a substrate receptor of the
APC, which recognizes target proteins and recruits them to
the complex for ubiquitylation and subsequent proteolysis.
This model is supported by the following results. First, by
immunoprecipitation of epitope-tagged proteins from cell
extracts we found that Hctl interacts with the mitotic
cyclins Clb2 and CIb3 and the polo-related kinase CdcS,
but not or only very weakly with the securin Pds1 and the
S-phase cyclin CIb5 (Figures 1 and 2). Thus, the observed
interaction pattern reflects the previously determined
requirement of Hctl for proteolysis of specific APC
substrates. This pattern also argues against the view that
the interaction of Hctl with cyclins is only due to
phosphorylation of Hctl by Clb—Cdkl kinases, since
CIb5-Cdkl was the most efficient Hctl kinase in vitro
(Zachariae et al., 1998) and the interaction of CIb5 with
Hctl was almost undetectable (Figure 2). Secondly, a
deletion derivative of CIb2 unable to interact with Hctl
was protected against Gj-specific proteolysis in vivo
(Figure 4), supporting the idea that binding to Hctl is
necessary for degradation. Thirdly, association with the
APC was not required for Hctl to recognize substrates,
since mutant derivatives of Hctl unable to bind to the APC
still interacted with Clb2 (Figure 5) and with Clb3 (not
shown). This indicates that Hctl carries binding sites for
proteolytic substrates which can be separated from the
sequences required for APC binding. Consistent with the
notion that substrate recognition and APC association are
independent, we also observed that phosphorylated forms
of Hctl, which do not bind to the APC, interact with Clb2
(Figure 1). Thus, Hctl may recognize and bind to
proteolytic substrates before associating with the APC in
late mitosis and G;. This could provide a mechanism for
the rapid and efficient recruitment of substrates.

Fig. 5. Sequences of Hctl required for APC binding. (A) Schematic representation of Hctl derivatives. Positions of the HA3 epitope, the C-box motif
and the seven WD40 repeats are shown. Deleted segments are indicated by a line. Non-functional denotes failure of the overproduced Hctl derivative
to induce CIb2 proteolysis and cell-cycle arrest. (B) The C-box, a conserved motif in proteins of the Cdc20 family. A sequence alignment of the
C-box-containing regions of Hctl- and Cdc20-related proteins is shown with residues identical in at least 11 members in bold. A consensus sequence
for the C-box is deduced with X indicating any amino acid. Accession numbers and positions of the first amino acids are given. S.c., Saccharomyces
cerevisiae; S.p., Schizosaccharomyces pombe; D.m., Drosophila melanogaster; X.1., Xenopus laevis; M.m., Mus musculus; H.s., Homo sapiens.

(C) The C-box of Cdc20 is required for function. We compared a wild-type CDC20 strain (W933) and a temperature sensitive cdc20-3 mutant strain
(W1117) transformed with vector alone (pRS316) or with plasmids expressing either CDC20 (pWS923) or CDC20-Acb (pWS924) from the natural
CDC20 promoter. Cells were spotted in serial 10-fold dilutions on plates with glucose-supplemented synthetic medium lacking uracil. Plates were
incubated at 25°C for 4 days or at 37°C for 3 days. (D) The C-box of Hctl is required for function. Upper part: Strains carrying HA3-HCT1 (W2539)
or HA3-HCT1-Acb (W2540) under control of the GALI promoter were grown in raffinose medium and treated with nocodazole for 3.5 h. Samples
were taken at the indicated times after addition of galactose and protein levels were followed by western analysis with Myc- (a-Myc) and HA- (a-HA)
specific antibodies. Blots were reprobed with an antiserum to B-tubulin (o-Tub2) as a loading control. Lower part: We compared a wild-type HCT1
strain (K699) and strains expressing either HA3-HCT1 (W2539) or HA3-HCT1-Acb (W2540) from the GALI promoter. Cells were spotted in serial
10-fold dilutions on XY-plates containing 2% glucose or 2% galactose. Plates were incubated at 25°C for 3 days. (E-G) Interaction of Hctl
derivatives with CIb2 and the APC. Whole-cell extracts and proteins immunoprecipitated with HA- (o-HA IP) or Myc- (a-Myc IP) specific antibodies
were analysed by western blotting with the indicated antibodies. (E) Wild-type strains (CLB2) and CLB2-myc12 strains lacking (-) or containing (+)
the indicated GALL-HA3-HCT1 construct were arrested with nocodazole for 3 h and then galactose was added for 2 h. Lane 1, K699; lane 2, W1158;
lane 3, W1758; lane 4, W1759; lane 5, W1841; lane 6, W1079; lane 7, W1156; lane 8, W1760; lane 9, W1761; lane 10, W1842. (F) Wild-type strains
(CDC23) and CDC23-myc9 strains lacking () or containing (+) the indicated GALL-HA3-HCT1 construct were grown to log phase and treated for 2 h
with galactose. Lane 1, K699; lane 2, W1158; lane 3, W1758; lane 4, W1759; lane 5, W1841; lane 6, W1641; lane 7, W1644; lane 8, W1762;

lane 9, W1763; lane 10, W1843. (G) Wild-type strains (CDC23) and CDC23-myc9 strains lacking (-) or containing (+) either the GALL-HA3-HCT1-
mll or GALL-HA3-HCTI-ml1-Acb construct were treated as described in (F). Lane 1, K699; lane 2, W2545; lane 3, W2546; lane 4, W1641; lane 5,

W2547; lane 6, W2548.
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Table I. Yeast strains

Name Relevant genotype

Wog7 MATa cdc23-1 ura3::pGALI-HA3-HCT1-URA3

W989 MATa cdc23-1 ura3::pGALI-HCTI-URA3

W1066 MATa cdc23-1 clb2::CLB2-mycl2-HIS3 ura3::pGALI-HA3-HCTI-URA3

W1067 MATa cdc23-1 clb2::CLB2-myc12-HIS3 ura3::pGALI-HCT1-URA3

W1079 MATa clb2::CLB2-mycl2-HIS3

WI1156 MATa cib2::CLB2-myc12-HIS3 ura3::pGALL-HA3-HCTI-URA3

WI1158 MATa ura3::pGALL-HA3-HCTI-URA3

w1641 MATa cdc23::CDC23-myc9-LEU2

w1644 MATa cdc23::CDC23-myc9-LEU2 ura3::pGALL-HA3-HCT1-URA3

W2541 MATa hctl::myclS8-HCTI-LEU2

W2542 MATa CLB2-HA3 hctl::mycl8-HCTI-LEU2

Wo317 MATa CLB2-HA3

W1500 MATa cdc23-1

W1502 MATa cdc23-1 trpl::pGALI-myc3-HCT1-TRP1

W1504 MATa cdc23-1 ura3::pGAL10-CLB2-HA3-URA3

W1506 MATa cdc23-1 trpl::pGALI-myc3-HCTI-TRP1 ura3::pGALI0-CLB2-HA3-URA3
W1508 MATa cdc23-1 ura3::pGALI-CLB5-HA3-URA3

W1510 MATa cdc23-1 trpl::pGALI-myc3-HCTI-TRPI ura3::pGALI-CLB5-HA3-URA3
w1615 MATa cdc23-1 ura3::pGALI-CLB3-HA3-URA3

w1617 MATa cdc23-1 trpl::pGALI-myc3-HCT1-TRPI ura3::pGALI-CLB3-HA3-URA3
w1619 MATa cdc23-1 ura3::pGALI-HA3-CDC5-URA3

w1621 MATa cdc23-1 trpl::pGALI-myc3-HCTI-TRP1 ura3::pGALI-HA3-CDC5-URA3
W1623 MATa cdc23-1 ura3::pGALI-PDS1-HA3-URA3

W1625 MATa cdc23-1 trpl::pGALI-myc3-HCTI-TRP1 ura3::pGALI-PDS1-HA3-URA3
W1653 MATa cdc23-1 leu2::pGALI-CLN2-HA3-LEU2

W1655 MATa cdc23-1 trpl::pGALI-myc3-HCTI-TRPI leu2::pGALI-CLN2-HA3-LEU2
W1588 MATa cdcl6-1 CDC20::pGALI-myc3-CDC20-URA3 ura3::pGALI-PDS1-HA3-URA3
W1741 MATa cdc23-1 trpl::pGALI-myc3-HCT1-m11-TRPI ura3::pGALI-PDSI1-HA3-URA3
W2538 MATo. cdc16-1 ura3::pGALI-PDS1-HA3-URA3

w1684 MATa cdc23-1 ura3::pGALI0-CLB2-Adb-HA3-URA3

W1686 MATa cdc23-1 trpl::pGALI-myc3-HCT1-TRP1 ura3::pGALI10-CLB2-Adb-HA3-URA3
W1744 MATa cdc23-1 ura3::pGALI10-CLB2-A125-HA3-URA3

W1746 MATa cdc23-1 trpl::pGALI-myc3-HCTI-TRP1 ura3::pGALIO-CLB2-AI125-HA3-URA3
W1739 MATa cdc23-1 trpl::pGALI-myc3-HCT1-ml11-TRPI

W1740 MATa cdc23-1 trpl::pGALI-myc3-HCT1-m11-TRPI ura3::pGALIO-CLB2-HA3-URA3
W1889 MATa cdc23-1 trpl::pGALI-myc3-HCTI1-m11-TRPI ura3::pGALI0-CLB2-Adb-HA3-URA3
W1930 MATa cdc23-1 ura3::pGALI-HA3-CDC5-AN70-URA3

w1931 MATa cdc23-1 trpl::pGALI-myc3-HCTI-TRP1 ura3::pGALI-HA3-CDCS5-AN70-URA3
W1883 MATa cdc28-4 barl-Al::HIS3 ura3::pGALI0-CLB2-HA3-URA3

W1884 MATa cdc28-4 barl-Al::HIS3 ura3::pGALI0-CLB2-Adb-HA3-URA3

W1885 MATa cdc28-4 barl-Al::HIS3 ura3::pGALI0-CLB2-Al125-HA3-URA3

Wo933 MATa URA3

WI1117 MATa cdc20-3

W2539 MATa cib2::CLB2-mycl2-HIS3 ura3::pGALI-HA3-HCTI1-URA3

W2540 MATa clb2::CLB2-myc12-HIS3 ura3::pGALI-HA3-HCTI-Acb-URA3

W1758 MATa ura3::pGALL-HCTI-HA3-URA3

W1759 MATa ura3::pGALL-HA3-HCTI1-AN74-URA3

W1760 MATa cib2::CLB2-mycl2-HIS3 ura3::pGALL-HCTI-HA3-URA3

w1761 MATa clb2::CLB2-mycl2-HIS3 ura3::pGALL-HA3-HCTI-AN74-URA3

W1841 MATa ura3::pGALL-HA3-HCTI-Acb-URA3

w1842 MATa clb2::CLB2-myc12-HIS3 ura3::pGALL-HA3-HCTI-Acb-URA3

W1762 MATa cdc23::CDC23-myc9-LEU2 ura3::pGALL-HCTI-HA3-URA3

W1763 MATa cdc23::CDC23-myc9-LEU2 ura3::pGALL-HA3-HCT1-AN74-URA3

W1843 MATa cdc23::CDC23-myc9-LEU2 ura3::pGALL-HA3-HCTI-Acb-URA3

W2545 MATa ura3::pGALL-HA3-HCTI-m11-URA3

W2546 MATa ura3::pGALL-HA3-HCTI1-m11-Acb-URA3

W2547 MATa cdc23::CDC23-myc9-LEU2 ura3::pGALL-HA3-HCT1-ml1-URA3

W2548 MATa cdc23::CDC23-myc9-LEU2 ura3::pGALL-HA3-HCT1-m11-Acb-URA3

Its similarity in structure and function suggested that
Cdc20 would also serve as a substrate receptor of the APC.
Its specificity, however, should differ from that of Hctl to
provide efficient recognition of proteins to be destroyed at
the onset of anaphase, such as the securin Pds1. This view
was confirmed by the finding that, unlike Hctl, Cdc20 can
bind Pdsl (Figure 2). Together, these data suggest that
proteins of the Cdc20 family are substrate recognition
subunits of the ubiquitin ligase APC.
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Substrate recognition

The list of Hctl substrates includes diverse proteins such
as cyclins, Cdc5 kinase, the spindle protein Asel and the
septin-associated kinase Hsll (Zachariae and Nasmyth,
1999; Burton and Solomon, 2000). This raises the question
how a single protein can recognize a number of different
targets. One possibility would be that Hctl substrates,
even though largely dissimilar, share short recognition
sequences. Indeed, APC substrates contain short motifs



needed for ubiquitylation and subsequent proteolysis,
either a canonical destruction box or a more recently
identified element termed KEN-box (Glotzer et al., 1991;
Pfleger and Kirschner, 2000). However, Hctl still inter-
acted with derivatives of Clb2 and Cdc5 lacking destruc-
tion boxes (Figure 3), and similar results were reported for
Hsl1 (Burton and Solomon, 2000). Moreover, Clb2-A125,
whose destruction box-containing region remains intact,
failed to bind to Hctl (Figure 3). It is, therefore, unlikely
that Hctl uses the destruction box to recognize substrates.
Another possibility would be that Hctl associates with
distinct sequences in individual substrates. The C-terminal
portion of Hctl consists of seven WD40 repeats predicted
to fold into a seven-bladed B-sheet propeller (Smith ez al.,
1999). This structure has the potential to provide a number
of specific contact sites. In fact, the yeast G-protein -
subunit Ste4, a prototype WD40 protein, not only interacts
with the Gow and Gy subunits, but also with the scaffold
protein Ste5, the kinase Ste20 and others (Leberer et al.,
1997). Thus, the architecture of the WD40 protein Hctl
may allow multiple specific interactions enabling Hctl to
recognize unrelated substrates.

The C-box of Hct1 is required for APC association
Within the largely non-conserved N-terminal part of Hctl,
we identified a short sequence motif whose removal
destroyed the ability of Hctl to trigger Clb2 proteolysis
(Figure 5D). Interestingly, a closely related motif of seven
amino acids is located in the N-terminal portions of yeast
Cdc20 as well as Cdc20- and Hctl-related proteins from
other organisms (Figure 5B). We named this motif C-box,
to indicate its conservation among proteins of the Cdc20
family. Binding studies showed that a Hctl derivative
lacking the C-box failed to associate with the APC, but
still interacted with CIb2 and CIb3 (Figure 5E and F and
our unpublished data). Thus, the C-box of Hctl is
specifically required for APC association. Given its
conservation, the C-box may also mediate the APC
association of other Cdc20 family members. Consistent
with this view, the C-box of Cdc20 turned out to be
essential for its cellular function (Figure 5C).

In addition to the C-box, integrity of the C-terminus of
Hctl was required for APC association (Figure SF).
Sequence comparison showed that all Cdc20 family
proteins carry the amino acids isoleucine—arginine (IR-
motif) at their C-termini. Thus, the invariant IR-motif is
possibly part of the APC interaction domain. Consistent
with the idea that the C-box cooperates with one or more
other conserved motifs, database searches failed to detect a
close match to the C-box consensus in proteins outside this
subclass of WD40 proteins.

Identification of the C-box as a necessary domain for
APC interaction may also explain how phosphorylation of
Hctl controls its binding to the APC. Most cyclin—Cdk1
phosphorylation sites are located in the N-terminal portion
of Hctl and their phosphorylation may render the C-box
inaccessible.

Common features of the SCF and the APC

The ubiquitin ligases SCF and APC control major
cell-cycle events in eukaryotes. Both are multi-subunit
complexes and, although their subunits are largely distinct,
both complexes contain a cullin-related and a RING-H2
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finger protein (Peters, 1998). Furthermore, the SCF uses
multiple recognition subunits to target specific substrates.
These recognition subunits contain a so-called F-box
required for association with the core complex and a
protein interaction domain such as the WD40 repeats
(Patton ef al., 1998). An analogous situation appears to
apply to the APC. Previous work identified Cdc20 and
Hctl as substrate-specific activators of the APC (Zachariae
and Nasmyth, 1999). This study provides evidence that
Hctl interacts with specific substrates of the APC and
carries a short conserved motif, the C-box, required for
binding to the APC. Most recently, Amal has been
described as a third member of this protein family in
budding yeast (Cooper et al., 2000). Amal was found to
regulate APC functions specifically during meiosis. Thus,
the SCF and the APC belong to a class of ubiquitin ligases
that contain related subunits and use particular recognition
factors as substrate-specific receptors.

Materials and methods

Yeast methods

Standard protocols were followed for transformation, mating, sporulation
and tetrad dissection of yeast cells (Adams et al., 1997). Yeast strains
used in this study are listed in Table I. Strains are isogenic derivatives of
W303-1a (K699) (MATa ade2-1 canl-100 his3-11, -15 leu2-3, -112 ssdl-
d trpl-1 ura3), except for cdcl16-1 and cdc23-1 mutant strains, which
were made congenic to W303 by backcrossing at least five times.

Cells were grown at 25°C in YEP complex medium containing adenine
(100 mg/l), tryptophan (200 mg/l) and KH,PO, (10 mM), and
supplemented with raffinose (2%). Expression from the the GALI,
GALI0 or GALL promoter was induced by addition of galactose (2%) to
exponentially growing cells or cells arrested either with a-factor (50 ng/
ml) or nocodazole (15 pg/ml).

DNA constructs and genetic manipulations

The GALI-HCTI (pWS203) and mycI8-HCTI (pWZV109) constructs
have been described (Schwab et al., 1997; Zachariae et al., 1998). A triple
HAI1 epitope or a triple myc epitope sequence was PCR amplified and
fused to the 5 end of HCT! to construct the GALI-HA3-HCT1 plasmid
(pWS210) or GALI-myc3-HCTI plasmid (pWS434). In GALI-myc3-
HCTI-ml1 constructs (pWS526), the open reading frame of wild-type
HCTI was replaced by the HCT1-m11 coding region, in which codons for
serines and threonines of potential Cdkl phosphorylation sites were
changed to alanine codons (Zachariae et al., 1998). HA3-HCT1 was fused
to the GALL promoter (Mumberg et al., 1994) in pWS383. In GALL-HA3-
HCTI-ml11 (pWS384), wild-type HCT1 was replaced by HCTI-ml1. In
the GALL-HCTI-HA3 plasmid (pWS534), a triple HA1 epitope sequence
was added to the 3’ end of HCTI fused to the GALL promoter. To
construct GALL-HA3-HCT1-AN74 (pWS535), a HCT1 fragment lacking
the first 74 codons was PCR amplified and used to replace the wild-type
HCTI coding region of pWS383. To construct GALI-HA3-HCTI-Acb
(pWS920), GALL-HA3-HCTI-Acb (pWS634) and GALL-HA3-HCTI-
ml1-Acb (pWS922), codons 55-59 of HCT1 were deleted by site-directed
mutagenesis (Stratagene). All plasmids carrying HCT1 were cut with
EcoRV and integrated at the URA3 or TRP1 locus.

To express epitope-tagged CDC20, the myc3 sequence was fused to the
5" end of the PCR-amplified CDC20 coding sequence and the construct
was placed under the control of the GALI promoter (GALI-myc3-CDC20:
pWS255). The plasmid was linearized with EcoRI and integrated at the
CDC20 locus. To delete the C-box of CDC20, codons 144-148 were
replaced by a serine codon using directed mutagenesis. pWS923 and
pWS924 are ARSH4 CEN6 URA3 plasmids that contain CDC20 or
CDC20-Ach under the control of the natural CDC20 promoter.

The CLB2-mycl2 and CDC23-myc9 constructs have been described
(Zachariae and Nasmyth, 1996; Zachariae et al., 1996). HA-tagged cyclin
genes are fused at their 3’ ends with the triple HA1 epitope sequence
CLB2-HA3 and CLB5-HA3 (Seufert et al., 1995), and CLN2-HA3 (Tyers
et al., 1993). To construct GALI0-CLB2-HA3 (pWS942), GALI-CLB3-
HA3 (pWS295), GALI-CLB5-HA3 (pWS253) and GALI-PDSI-HA3
(pWS254; PDS1-HA3: Cohen-Fix et al., 1996) plasmids, the open reading
frames were PCR amplified and fused to the GALI or GALIO promoter.
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GALI10-CLB2-Adb-HA3 (pWS293) was cloned by replacing the wild-type
CLB?2 coding region of pWS942 with a CLB?2 allele lacking codons 17-33
(Schwab et al., 1997). To construct GALI10-CLB2-A125 (pWS516), wild-
type CLB2 of pWS942 was replaced by a mutated version of CLB2
lacking codons 263-388. This deletion was introduced by removal of a
377 bp EcoRV fragment followed by an insertion of 2 bp with site-
directed mutagenesis to restore the correct reading frame. GALI-HA3-
CDC5 (pWS448) and GALI-HA3-CDC5-AN70 (pWS668) plasmids were
constructed by addition of a triple HA1 epitope sequence to the 5" end of
PCR-amplified CDC5 and CDCS5 without the first 70 codons (Shirayama
et al., 1998) and fusion of these genes to the GALI promoter. For
integration at the URA3 locus, plasmids were linearized with the
following restriction enzymes: pWS942, pWS293, pWS295: Stul;
pWS516: Apal; pWS253, pWS254: Bsml; pWS448, pWS668: Pstl.

Protein analysis

For preparation of crude extracts, cells were harvested by centrifugation
and washed once with ice-cold lysis buffer (150 mM NaCl, 50 mM
Tris—HCI pH 7.5, 50 mM NaF, 5 mM EDTA, 0.1% IGEPAL CA-630)
containing 60 mM B-glycerophosphate. An equal volume of glass beads
was added and cells were broken by shaking in a mixer mill (Retsch) for 5
min at 4°C. Glass beads and cell debris were removed by centrifugation
for 10 min followed by centrifugation for another 15 min in a microfuge
at 4°C.

For analysis of whole-cell extracts, 2X Lammli sample buffer was
added to the supernatant and the mix was boiled for 5 min. For
immunoprecipitations, extracts containing ~3 mg of total protein were
mixed with either a-HA- (12CAS) or o-Myc- (9E10) specific antibodies.
After 2 h incubation at 4°C, 50 ul of protein A—agarose were added and
the mixtures were incubated for another 2 h at 4°C. Beads were collected
by centrifugation and washed three times with lysis buffer. After the last
washing step, the beads were resuspended in Lammli sample buffer and
boiled for 10 min.

Western analysis was performed essentially as described by Schwab
et al. (1997). Mouse monoclonal antibodies 12CAS5 and 9E10 were used
for detection of HA- and Myc-tagged proteins, respectively. Cdkl and
Tub2 were probed with specific rabbit antisera.
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